Cosmic strings generate vector and tensor modes in the B-channel of polarization, as well as the usual temperature power spectrum and E-mode polarization spectrum. We use the power spectrum obtained from high-resolution Nambu-Goto cosmic string simulations together with the Planck and BICEP2 likelihoods to explore the degeneracies appearing between cosmic strings and other cosmological parameters in different inflationary scenarios, as well as the constraints that can be imposed on cosmic strings in each of these situations. In standard ΛCDM, the Planck likelihood yields an upper limit Gµ < 1.49 × 10 −7 (95% confidence). We also analyse the possibility of explaining the BB power spectrum signal recently detected by the BICEP2 probe. We find that cosmic strings alone are able to explain only part of the B-mode polarization signal. Apart from the standard ΛCDM model, we look at the following non-minimal parameters: the running of the spectral index, non-zero tensor-to-scalar ratio, additional degrees of freedom (N ef f ) and sterile neutrinos. We find that in both Planck and BICEP2 scenarios adding N ef f induces degeneracies between cosmic strings and N ef f and other ΛCDM parameters. With N ef f a larger contribution from cosmic strings is allowed, even favoured, but after combining with large-scale structure data such as BAOs strings remain strongly constrained.
I. INTRODUCTION
Recent B-mode polarization results [1] potentially open a new window on the Universe, especially if the signal has a primordial origin, though this is yet to be confirmed [2] . Such a signal is not explained by the standard ΛCDM and would require extensions by adding extra parameters/ One of the simplest additions to the minimal ΛCDM is primordial tensor modes generated by inflation at a high energy scale. The BICEP2 Collaboration estimates a tensor-to-scalar ratio around r = 0.20 (r = 0.16 after foreground subtraction), but the results are in tension with the standard ΛCDM model which is also used in Planck papers [3] . This could suggest that additional degrees of freedom are required in order to relieve this tension [1] , possibly by a scale-dependent spectral index, the running of the spectral index (n run = dn s /dlnk). Many different cosmological scenarios have been proposed to relieve this tension: the curvature of the universe [4] , the number of effective degrees of freedom, the sum of the neutrino masses, the Helium abundance and a sterile neutrino mass [5] .
A different type of solution to explain the B-mode polarization is a signal from topological defects. Defects generate both vector and tensor modes in the B channel [6] , [7] [8] and hence they are a natural candidate for reconciling the tension between the datasets. Many inflationary models involve a phase transition in the early universe where cosmic strings can be formed naturally [9] , [10] . Both the groups working on strings generated through the phenomenological unconnected segment * A.Lazanu@damtp.cam.ac.uk † E.P.S.Shellard@damtp.cam.ac.uk model [6] , [11] , [12] , [13] and the Abelian-Higgs cosmic strings [14] , [15] have analysed the possibility of using cosmic strings to explain the polarization signal form the BICEP2 probe [16] , [17] . These authors have evaluated the implications of the presence of cosmic strings and have concluded that they cannot alone explain the whole signal in the B-mode polarization, though they could make some contribution. We re-examine these conclusions using the improved estimates of the string CMB power spectrum calculated directly from Nambu-Goto simulations [18] . After a short introduction, the paper is split into two parts. In the first part of this paper we analyse the contribution of Nambu-Goto cosmic strings obtained from simulations [19] , [20] to the power spectrum in different scenarios prior to the release of the BICEP2 data, using Planck and WMAP polarization data. We look at the degeneracies between cosmic strings and other cosmological parameters and we also observe the influence of SPT/ACT [21] , [22] and Baryon Acoustic Oscillations (BAO) in modified the allowed contribution from cosmic strings as well as to reduce degeneracies. We introduce non-minimal parameters such as r, the running of the spectral index (running), the number of effective degrees of freedom N ef f and also the mass of some sterile neutrinos
In the second part of the paper we analyse the contribution of cosmic strings in light of a significant tensor contribution measured in the BICEP2 data. We analyse degeneracies in similar situations to the Planck counterpart and we also analyse the possibility of explaining the B-mode signal by the presence of cosmic strings on their own and also using additional non-minimal parameters as in the previous section.
II. COSMIC STRING POWER SPECTRUM
In order to evaluate the cosmic string power spectrum, we have used three high-resolution Nambu-Goto cosmic string simulations based on the Allen and Shellard code [19] . The simulations cover the entire cosmological time from the end of inflation, through the radiation and matter eras, until late into the cosmological constant epoch. Each of the simulations consists of the discrete time evolution of a network of strings, starting with Vachaspati-Vilenkin initial conditions [23] , [9] . At every step, the network is interpolated on a three-dimensional grid in real space and the energy-momentum tensor of the system is evaluated at each grid vertex. The stressenergy tensor is then transformed into Fourier space and a scalar-vector-tensor decomposition is performed.
In order to evaluate the cosmic string power spectrum, one starts by considering the first order perturbations to the Einstein Equation:
where the perturbation to T µν is due to the usual matter perturbations and the cosmic string energy-momentum tensor. The LHS of the equation is not modified by cosmic strings and the metric g µν is a small perturbation around the FLRW metric. By splitting this equation into scalar, vector and tensor parts, one obtains the perturbation equations for the metric sourced by cosmic strings in Fourier space. As the cosmic string perturbations are uncorrelated with the primordial fluctuations, the cosmic string power spectrum can be separately evaluated by choosing correct initial conditions. The scalar, vector and tensor equations decouple and hence the Boltzmann equations can be treated separately for each of them. These equations (without cosmic strings) have been implemented into the Boltzmann solver CMBFAST [24] and we have modified this code to accommodate the cosmic string sources. The Boltzmann equations are scalar equations and the string energy momentum tensor depends on the magnitude as well the the direction of the wave-vector. The complexity of the problem and the amount of information make it impossible to integrate directly over the 3 spatial directions. This is however not necessary. As cosmic strings are active sources, it has been shown [25] that to first order in perturbation theory the whole information is contained into the unequal time correlators (UETCs), which are the 2-point correlation functions of different components of the energy momentum tensor. Using the set of equations implemented in CMBFAST, one only needs the following 5 unequal time correlators: Θ 00 Θ 00 , Θ S Θ S , Θ 00 Θ S , Θ V Θ V and Θ T Θ T , all the other sets of correlators made out of these stressenergy tensor components being 0. Assuming the string network is scaling in time, UETCs appear only as functions of kτ :
They are positive definite matrices, and hence can be diagonalised: The eigenmodes are coherent, and hence the total angular power spectrum can be obtained as a sum of the contributions from each eigenvector from the scalar, vector and tensor parts separately
Hence, in order to implement this method, we just have to substitute the energy-momentum tensor component from cosmic strings with its corresponding eigenvector in the Boltzmann equations:
The procedure summarized above assumes scaling throughout the history of the universe. This is however not true, as we don't obtain the same result using the 3 simulations separately. Hence, we devised a method to incorporate them at the same time. After calculating the eigenvectors from the UETCs of each simulations, we assume its validity only during the time interval used to generate it and we make the eigenvectors decay outside it. Then we calculate the power spectrum created in this way.For example, in the radiation era:
The final C l 's are obtained as sums of C l 's from the individual simulations:
where s 1 , s 2 , s 3 are the 3 simulations.
The details of this procedure are explained in [18] . In Figure 1 we show the TT and BB power spectra that we have obtained from these simulations, together with the unconnected segment model [12] , [11] results and the spectra obtained from a revised version of CM-BACT (dashed line) [6] . For the temperature spectrum we also show the Abelian-Higgs result form the Planck Collaboration paper [26] .
III. PLANCK CASE
We have added the power spectrum of the cosmic strings to the inflationary one and we have used the full Planck likelihoods and WMAP polarization data [3] to analyse the contribution to the CMB power spectrum from Nambu-Goto cosmic strings with Markov chain Monte Carlo methods with the COSMOMC code [27] , [28] . This method involves evaluating the power spectrum each time the parameters are modified, by calling an instance of the code CAMB [29] . The total power spectrum is obtained from the sum between the inflationary spectrum and the cosmic strings spectrum, because the cosmic string sources, which are active sources, that are uncorrelated with the primordial perturbations [7] . This would in principle require the calculation of the cosmic string power spectrum many thousands of times, for each choice of cosmological parameters, which is not feasible because calculating the cosmic string power spectrum by itself requires several CPU hours of computational work. It has been shown [12] , [11] that it evolves much slower as a function of the parameters compared to its inflationary counterpart. Also, the cosmic strings are expected to contribute less than 5% in the total power spectrum, so as the cosmological parameters are varied in the allowed regions, the string power spectrum does not vary more than 20% [15] , [30] . This gives overall better than 1% accuracy for the contribution of cosmic strings, which is greater than the accuracy of CAMB.
Cosmic strings are quantified through the parameter f 10 which represents the fractional power spectrum due to cosmic strings at the 10th multpole [31] , [26] and is related to the cosmic string tension Gµ/c 2 . We have added this to the base model, called ΛCDM, which is based on the following 6 parameters: the baryon density Ω b h 2 , the cold dark matter density Ω c h 2 , the Thomson optical depth to recombination τ , the proxy for the angular acoustic scale at recombination θ M C , the amplitude of the initial curvature power spectrum (at k =0.05 Mpc −1 ) and the scalar spectral index n s .
In this simplest case, we have found the constraints: Gµ < 1.49 × 10 −7 and f 10 < 0.0193 at 95% confidence level, which are comparable with the results obtained by the Planck Collaboration [26] . The improvement in the fit after including cosmic strings is small. There are few degeneracies with cosmic strings, and ΛCDM parameters change very little after the introduction of cosmic strings. In Figure 2 we plot the marginalised likelihoods in the f 10 − Ω b h 2 , f 10 − H 0 and f 10 − n s planes. Here, the 2-dimensional plot is similar to Figure 10 of Ref. [26] . The constraint that we have obtained is slightly stronger compared to the Plack one (Gµ/c 2 < 1.
. We have validated our formalism by obtained the con- straint for the unconnected segemnt model power spectrum. Therefore, we have concluded that this is due to the fact that our power spectrum has a different shape and more power at low multipoles.
Apart from this scenario we have also considered adding different non-minimal parameters to the model and we have looked at the degeneracies that appeared. The parameters we have considered adding are the following:
• r, which is the tensor-to-scalar ratio evaluated at k = 0.002 Mpc −1 . This also enforces the relation n t = −r/8 for the tensor spectral index n t
• running of the spectral index
• N ef f , the effective number of neutrino-like relativistic degrees of freedom. The minimal case corresponds to N ef f =3.046 and the additional degrees of freedom are quantised by the parameter ∆N ef f = N ef f − 3.046
• m eff ν,sterile , the mass of a sterile neutrino. The sterile neutrinos are motivated by the discovery of neutrino oscillations (e.g. Ref. [32] )
The most interesting results that we have are shown in Table I . The other scenarios are tabled in the Appendix (Table III) .
We have observed that N ef f is in most cases very degenerate with cosmic strings and hence it allows it to attain huge values. For example, looking just at the second row of Table I , we observe that the preferred values for N ef f increase after adding cosmic strings, to ∆N ef f > 1. The error bar also increases, suggesting the fact that there is a degeneracy appearing after adding the parameter f 10 . The error bar also increases considerably on the baryon contribution, H 0 and n s . The value of the Hubble constant is increased massively from the ΛCDM result. We have explored ways in order to fix this, by adding additional likelihoods. We first added SPT/ACT (HighL), which didn't change the values of the parameters much tion BAO reduced the error bars and shifted the values of the parameters back to the values prior to the introduction of cosmic strings and N ef f . This however reduced the allowed contribution from cosmic strings as well.
In terms of the degeneracies that appear, the most interesting case is the one with N ef f and tensor modes. In this case the data suggest as a best fit r = 0.12±0.09, so it is non-zero at 1σ level. The Hubble constant is increased as well to H 0 = 80.59±6.57. This is in fact due to the degeneracies introduced by cosmic strings, which are illustrated in Figure 3 . The allowed value of the string tension is quite large as well, Gµ/c 2 < 2.49 × 10 −7 . This degeneracies disappear however after adding BAO, reducing the cosmic string contribution to Gµ/c 2 < 1.69 × 10
at 95% confidence level. The same situation is true when adding other parameters such as running parameter in addition to N ef f and strings. This also allows the contribution from cosmic strings to increase, up to Gµ/c 2 = 2.49×10 −7 in the N ef f & r option. The results with just N ef f added (and no strings) can be restored by adding HighL and BAO data. In this case, from the 1-dimensional likelihood plots we see that the cosmic strings contribution is reduced, but a non-zero value is favoured (Figure 4) . The values of the cosmological parameters which became very large drop considerably after adding the SPT/ACT likelihoods and the BAO. This one-dimensional plot is illustrative for the influence of the BAO in returning cosmological parameters close to their standard ΛCDM + N ef f values by suppressing degeneracies. Hence, in the simplest ΛCDM & strings model, the degeneracies between cosmic strings and other parameters are small, and BAO has a very small influence on cosmic strings. The same outcome appears when we additionally add tensor modes. For all the scenarios with N ef f the values of the parameters increase massively after adding cosmic strings. The case with N ef f , r and strings is a bit different compared to the others allowing additional degrees of freedom, in the sense that after adding BAO the contribution from cosmic strings is again consistent with zero, just as in the ΛCDM + strings scenario. The process of the increase of the values of the parameters in a scenario with additional degrees of freedom is illustrated in Figure 5 .
From the cases listed in the Appendix (Table III) , the most interesting case from the cosmic strings point of view is the one with strings, r, n run and m eff ν,sterile . In this scenario, Gµ/c 2 < 2.57 × 10 −7 at 95% confidence level and also ∆N ef f > 0 at 2σ level. The Hubble constant is only slightly larger than the N ef f only value.
IV. BICEP2 CASE
We have tried to explain the recently released BICEP2 data using Nambu-Goto cosmic strings. However, due to the amplitude of the signal, if one would try to fit the data only with cosmic strings would require a tension of Gµ = 8.8 × 10 −7 . Such a high value of Gµ is not allowed by the stronger constraints from the TT power spectrum [26] and is at the limit of the constraints from the bispectrum. However, with the new BICEP2 data the allowed contribution from the cosmic strings is increased compared to using Planck data alone, because these are a source of BB polarization. Using full likelihood calculations, we have found an increase of about 16% in the string tension by adding the BICEP2 likelihoods compared to using only Planck data (but without adding additional parameters), to Gµ to 1.74 × 10 −7 . The other cosmological parameters are not significantly affected by the inclusion of cosmic strings (see later), but the BB power spectrum is not fitted very well, as it can be observed in Figure 6 . We have considered various possibilities of fitting the data without tensor modes (r = 0), but the fit values did not improve. The easiest option was to introduce the tensor modes together with cosmic strings. In that situation we have obtained a value of r = 0.15 ± 0.04 and Gµ < 1.44 × 10 −7 with f 10 < 0.026 at 95% confidence level. In this case, the tensor-to-scalar ratio is decreased compared to the best-fit obtained by the BICEP2 team, but it is closer to value they have obtained after subtracting the dust foregrounds. There is no sign of degeneracy with any of the parameters. 2 and f10-r planes for BICEP2 likelihoods with strings and tensor modes (top) and best fit of the BB power spectrum using the Planck and BICEP2 likelihoods with cosmic strings at Gµ = 1.44 × 10 −7 (right) and ΛCDM and r
We note that in the absence of tensor modes a nonzero contribution from cosmic strings is favoured, but this disappears as soon as r is introduced. This is due to the fact that although cosmic strings cannot explain the BB polarization signal by having the wrong shape (even if we allow arbitrary large Gµ/c 2 ) they are still able to help fitting the BICEP2 data point in the absence of tensor modes. As the tensor modes are introduced, they take over the string contribution by giving the correct shape in the polarization domain. This is illustrated clearly by the 1-dimensional likelihood plots for f 10 on the first row of Figure 8 . Baryon acoustic oscillations do not change the result significantly in the case with tensors. However,for the string-only one, they fix the contribution from strings to a non-zero value.
The most interesting cases are described in Table II , while the other cases that we have considered are listed in the Appendix (Table IV) . As in the Planck case, interesting degeneracies appear due to N ef f and a similar outcome can also be observed. The cosmic strings contribution is very large with the Planck & BICEP2 likelihoods, but the Hubble constant and N ef f are also very big (see Table II and Figure 9 ). Adding ACT/SPT and BAO recovers the ΛCDM values for the cosmological parameters and reduces the contribution from cosmic strings. Nevertheless, a non-zero contribution is still preferred (bottom row of Figure 8) . In both the scenarios of cosmic strings & N ef f & r and cosmic strings & N ef f & r & n run the preferred value of f 10 is non-zero and the distribution is wide. Adding SPT/ACT and BAO reduces the preferred value for f 10 , but also narrows the distribution. This can be compared to Figure 4 , but here the BICEP2 polarization data favours more a non-zero contribution of cosmic strings.
From the scenarios listed in Table IV in the Appendix, the one which allows the most cosmic strings is the one with just N ef f and m 
V. CONCLUSIONS
We have used the power spectrum obtained from highresolution Nambu-Goto cosmic string simulations [18] to constrain the string tension magnitude by adding cosmic strings to the standard 6-parameter ΛCDM model [3] . In this simplest model, we obtained a string tension constraint of Gµ/c 2 < 1.49 × 10 −7 (95% confidence), using the Planck likelihood and WMAP polarization. This result is comparable to the value obtained by the Planck team [26] . In this case, the string tension Gµ/c 2 does not introduce extra degeneracies between ΛCDM parameters. However, by allowing N ef f to vary, the string constraint gets much weaker (Gµ/c 2 < 2.28 × 10 −7 ) and the Hubble constant increases to H 0 = 75.96, with a significant degeneracy between f 10 and H 0 . This degeneracy disappears however by adding BAOs and HighL contributions. In that case, the string tension reverts close to its previous value, Gµ/c 2 < 1.58 × 10 −7 . We note that BAOs are the key ingredient for breaking the degeneracies as HighL data cannot alone solve the problem. The same behaviour is observed when allowing tensor modes in addition to N ef f , where the constraint on Gµ/c 2 shifts from 2.49 × 10 −7 to 1.56 × 10 −7 with BAOs. These degeneracies can be more easily interpreted visually (see Figs. 2 and 3) . By adding running in addition to cosmic strings, the string constraint becomes slightly weaker (Gµ/c 2 < 1.88 × 10 −7 ), but does not induce significant degeneracies. In addition, we have also analysed the contribution of an additional sterile neutrino and we have found no significant differences to the parameter values.
We have performed a similar analysis by considering the BICEP2 data in addition to Planck likelihoods and WMAP polarization. In this case, the string tension constraints loosen, but the new polarization signal cannot be explained solely by cosmic strings with no contribution from primordial tensor modes. This is due to the fact that cosmic strings are tightly constrained by the temperature data. Hence, in a pure ΛCDM and strings scenario, the 95% confidence level constraint on the string tension only risies to Gµ/c 2 < 1.74×10 −7 ( Figure 6 ). By adding tensor modes, we note that the model prefers a value of r = 0.15 and Gµ/c 2 < 1.44×10 −7 and strings are not favoured. Adding additionally N ef f greatly increases the allowed amount of cosmic strings to 2.72 × 10 −7 , but the values of r, of the Hubble constant and of ∆N ef f are increased as well, 0.20 to 85.86 and 2.19 respectively. This is due to the same degeneracies that appear. BAOs and SPT/ACT likelihoods again revert the situation to ΛCDM with Gµ/c 2 < 1.70 × 10 −7 , r = 0.16 ∆N ef f = 0.908 and H 0 = 73.21. We note again that the SPT/ACT likelihoods make little difference to the results (Table II) . By also allowing for a non-zero running of the spectral index we see from Table II that running in itself allows for more cosmic strings (Gµ/c 2 < 2.07 × 10 −7 ) and tensor modes (r = 0.22) but the degeneracies are modest and the Hubble constant keeps its usual value (H 0 = 68.27). N ef f , when added to this model, induces huge degeneracies and shifts the Hubble parameter but again this problem is cured with BAOs.
We anticipate using our improved cosmic string predictions with the second Planck Data Release shortly. 
